Abstract. It has been a long standing problem in astrochemistry to explain how molecules can form in a highly dilute environment such as the interstellar medium. In the last decennium more and more evidence has been found that the observed mix of small and complex, stable and highly transient species in space is the cumulative result of gas phase and solid state reactions as well as gas-grain interactions. Solid state reactions on icy dust grains are specifically found to play an important role in the formation of the more complex "organic" compounds. In order to investigate the underlying physical and chemical processes detailed laboratory based experiments are needed that simulate surface reactions triggered by processes as different as thermal heating, photon (UV) irradiation and particle (atom, cosmic ray, electron) bombardment of interstellar ice analogues. Here, some of the latest research performed in the Sackler Laboratory for Astrophysics in Leiden, the Netherlands is reviewed. The focus is on hydrogenation, i.e., H-atom addition reactions and vacuum ultraviolet irradiation of interstellar ice analogues at astronomically relevant temperatures. It is shown that solid state processes are crucial in the chemical evolution of the interstellar medium, providing pathways towards molecular complexity in space.
Introduction
At the low temperatures in space, micrometer sized dust grains act as small cryopumps onto which gas-phase molecules accrete. In dense cores, the approximate timescale at which gas-phase species deplete-out onto grains is about 10 5 years -shorter than the typical lifetime of a dense core -and hence, during the first stage of star formation virtually all species (except H 2 ) are expected to be frozen-out onto interstellar grains. The resulting ice coating provides a molecule reservoir, comprising tens of monolayers (ML)
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of accreted molecules, and a heat sink capable of absorbing reaction excess energy, effectively catalyzing surface reactions. Basically, inter-and circumstellar surfaces offer an environment where atoms and molecules accrete, meet and greet. Grain surface chemistry is governed by the accretion rate of gas-phase species onto the grains, the surface migration rate, which sets the reaction network, and the desorption rate. I.e., it depends on a number of physical parameters, such as ice temperature and ice morphology. External triggers are needed to overcome reaction barriers and to initiate chemical processes in the ice (i.e., after accretion and before desorption), e.g., by photon irradiation -particularly Ly-α and x-rays -thermal effects and particle bombardment (H, D, C, N, O, S atoms, free electrons as well as cosmic rays). In order to interpret the relevance of these processes in space, it is necessary to fully understand the physical and chemical processes that are at play and for this detailed laboratory experiments are a prerequisite. This is the topic of the present proceeding that is organized in the following way. It starts with the spectral features of interstellar ices and their laboratory analogues. An example is given for CO ice mixed with different constituents, and summarizing the findings from a very recent paper . It continues with surface processes induced by H-atom addition reactions and vacuum ultraviolet irradiation, and concludes with experiments studying molecular complexity in ice. The hydrogenation and UV irradiation part of this proceeding are based on highlights presented by Ioppolo et al. 2011c , and in a upcoming book chapter on solid state laboratory astrophysics.
Ice spectroscopy
Spectral features of ices in star-forming regions have been observed particularly in midinfrared absorption studies of embedded objects or along the line of sight of a background star. Ground-based observations in the mid-IR spectral range are limited largely to the 3-5 micron range because of telluric absorptions, so airborne and space observations have been used to identify solid-state species at longer wavelengths. Observations with the Infrared Space Observatory (ISO) have improved our understanding of interstellar ices substantially. Because of its limited sensitivity, ISO observed mostly bright sources, such as high-mass young stellar objects (YSOs) and quiescent dense clouds toward luminous background stars (Gibb et al. 2000 (Gibb et al. , 2004 . More recently, the Spitzer Space Telescope characterized the molecular content of icy grain mantles in the 5 -35 µm wavelength range towards more than 40 low-mass protostars within the c2d (cores to disks) program (e.g., Boogert et al. 2008; Pontoppidan et al. 2008; Öberg et al. 2008; Bottinelli et al. 2010) and dozens more within other programs (Zasowski et al. 2009 ). The Spitzer data are complemented by ground-based 3-5 micron surveys of the same sources (e.g., Pontoppidan et al. 2003 , van Broekhuizen et al. 2005 . Following the outcome of dedicated laboratory studies (Hudgins et al. 1993) , this has made possible the unambiguous identification of a series of solid state constituents, like H 2 O, CO 2 , CO, CH 4 , CH 3 OH, and NH 3 , as well as their likely mixing ratios (see e.g., Bouwman et al. 2009 ). As ice matrix interactions are different for different ice morphologies, peak positions, band widths and intensity ratios differ for these features and this allows quite accurate comparisons between astronomical and laboratory spectra (Tielens 1991) . The latter are typically recorded in Fourier Transform InfraRed (FTIR) transmission experiments of ices deposited at different mixing ratios and studied in full dependence of the temperature. An interstellar ice feature inventory with abundances relative to water ice towards dark clouds, low-and high-mass young stellar objects is given byÖberg et al. (2011) .
These are the basic ingredients taken for the laboratory recipes (described in the next sections) to form new molecules. Besides information on the actual chemical composition of ices in space, accurate comparisons between astronomical and laboratory data also provides information on the chemical history of the ice. This is illustrated for a specific case in Section 2.1.
2.1. CO ice mixed with CH 3 OH ice: a proof for methanol ice residing in a water poor environment In observations towards icy sources, the CO stretching band comprises a prominent and broad component around 2136.5 cm −1 . This feature is generally attributed to solid CO mixed in a hydrogen-bonded environment like water, but CO:H 2 O laboratory studies have not been able to fully reproduce this feature. Water-containing CO ice cannot reproduce the observed band position and bandwidth without simultaneously producing a shoulder at 2152 cm −1 . This band, believed to originate from the interaction of dangling-OH bonds with CO, is not observed in any of the astronomical spectra. It has been suggested that the 2152 cm −1 feature is suppressed in astronomical ices by blocking of the dangling OH-bonds by other species (Fraser et al. 2004) . A recent spectroscopic study of H 2 O:CO:CO 2 mixtures ) -given the abundances listed byÖberg et al. (2011) a logical choice -shows that such an ice mixture does not offer an explanation for this discrepancy between astronomical and laboratory data. This is illustrated in the upper part of the Fig. 1 . Even though the 2152 cm −1 band can be suppressed under low temperature conditions, it is not possible to reproduce peak position and band width of the 2136.5 cm −1 band at the same time. This is indicated by the circle that defines boundary conditions as derived from interpreting the astronomical data, and clearly the spectroscopic parameters for most of the studied mixing ratios are outside this circle. An ice mixture containing only CO and CH 3 OH and no H 2 O, however, does reproduce the spectra at low temperature, both in terms of peak position and band width of the CO component and the 2152 cm −1 band does not appear. This is illustrated for seven different mixing ratios in the lower panel of the figure. This provides additional proof that CO only freezes out after H 2 O has formed on the grain, leading to at least two
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393 separate ice components; a H 2 O rich and a CO rich one. In this scenario, the spectral characteristics of the CO central feature require a high fraction of CH 3 OH to be present. This means that almost all methanol is present in the CO:CH 3 OH component. This is in general agreement with astronomical observations of solid CH 3 OH, also indicating that at least part of the methanol is in a water poor environment.
The observation that CH 3 OH is predominantly mixed with CO in a H 2 O-poor environment leads to the conclusion that methanol is mainly formed through hydrogenation of CO, as shown by Watanabe et al. (2004) and Fuchs et al. (2009) and not through UV or ion processing of a H 2 O containing ice. Grain surface chemistry simulations of CO in a water-poor environment indeed show that methanol can be formed in this way and that CH 3 OH is mainly present on the grain mantles in pure form or mixed with CO, and that it is not in a water-rich phase ). Further details of this work are available from Cuppen et al. (2011) . The main conclusion is that not all species are intimately mixed in the ice and that the composition of astrophysically relevant ice mixtures should therefore be treated with care. Within this context it is also relevant that ice segregation can take place. For separate studies seeÖberg et al. (2009e) and Fayolle et al. (2011a) .
Hydrogenation reactions in interstellar ice analogues
The first realistic gas-grain model was proposed by Tielens & Hagen (1982 with the CO accreted on the surface. Since hydrogen is the most abundant component of the interstellar gas, this first phase of grain-surface chemistry results in the formation of a polar ice (waterrich) mantle onto the dust grains. During the second phase, when the density increases in the molecular cloud, CO freezes-out onto the grains (its accretion rate is higher than that of H) forming an apolar (water-poor) ice layer on top of the polar one. Under these conditions, the hydrogenation of CO ice leads to the formation of H 2 CO and CH 3 OH (Tielens & Hagen 1982; Charnley et al. 1997) . CO 2 can be formed through the reaction CO + OH (Goumans et al. 2008) . As suggested by Charnley et al. (2001) , the ongoing reaction between CO or CO hydrogenation reaction products and elements heavier than H may lead to the formation of more complex molecules such as CH 3 COH and C 2 H 5 OH (see reaction diagrams in Charnley & Rodgers 2005) . These and other astrochemical reaction networks were based on chemical intuition and analogues from gas-phase routes. It took several decades before experimental techniques allowed laboratory astrochemists to put all these reactions to the test in the solid state.
Typical experiments are performed using Ultra High Vacuum (UHV) setups with pressures well below 10 −10 mbar, such as our SURFace REaction Simulation DEvice (SURFRESIDE), which comprises a cryogenic unit where ices are grown for astronomically relevant temperatures and a H-atom beam line. A schematic view of the experimental apparatus is shown in Fig. 2 .
Ices are monitored by means of Reflection-Absorption InfraRed Spectroscopy (RAIRS) using a Fourier Transform InfraRed (FTIR) spectrometer, which covers the range between 4000 and 700 cm −1 (2.5 -14 µm). A spectral resolution between 1 and 4 cm −1 is used and several scans are co-added. Two different procedures are used; the ice is first deposited and then hydrogenated/deuterated (see e.g., Fuchs et Romanzin et al. 2011) -in this case, RAIR difference spectra with respect to the initial deposited ice are acquired during H/D exposure -or molecules are co-deposited with H atoms and RAIR difference spectra are acquired with respect to the bare substrate during co-deposition . In all cases, newly formed solid species are monitored by using unique IR spectral signatures. Spectra are recorded at different stages during hydrogenation, providing time resolved information about the destruction (i.e., use-up) of the precursor ice (the deposited ice layer) and the formation of new molecules that are identified through their spectral fingerprints. The intensity of a spectrum can be translated into a column density using a modified Lambert-Beer equation (Bennett et al. 2004) . At the end of the H-atom addition a Temperature Programmed Desorption (TPD) experiment can be performed to constrain the spectroscopic results. Surface hydrogenation reactions of simple ices, like pure CO, O 2 , O 3 , and CO:O 2 mixtures are investigated for a full range of different laboratory conditions including H/D-atom fluxes, ice temperatures, ice thicknesses, ice structures, and mixture ratios. This makes it possible to unreveal the physics and chemistry of molecule formation and where applicable to examine in more detail the astronomical implications.
In the past the chemistry of inter-and circumstellar ice analogues has been studied using a top-down scenario: icy mixtures of astronomical constituents with more or less realistic mixing ratios were chemically triggered through UV/cosmic ray irradiation. The resulting residue was shown by several groups to contain complex organic compounds. The experimental results using this approach have been compared to interstellar ices generally in a more qualitative than quantitative way. More recently, a bottom-up approach has become experimentally possible, through the use of the aforementioned UHV setups in which individual reactions of simpler ices (i.e., not the cumulative outcome of a chemical network in ice mixtures) can be studied in situ and in real time under fully controlled laboratory conditions. This approach makes it possible to derive fundamental and molecule specific parameters, like reaction rates and diffusion barriers, which can then be included in astrochemical models to simulate the ice evolution under much longer timescales (10 5 yr) than accessible in the laboratory (<1 day). Here we follow a bottom-up approach and summarize a representative sample of relevant experiments mainly by our group (see e.g., Fuchs et al. 2009; Ioppolo et al. 2008 Ioppolo et al. , 2010a Ioppolo et al. , 2011a Cuppen et al. 2010; Romanzin et al. 2011 ), but it should be explicitly stated that other groups -such as the groups of Watanabe, Lemaire and Dulie -are very active in this field as well. These experiments prove that species like H 2 CO, CH 3 OH and H 2 O can be formed at low temperatures by simple hydrogenation (i.e., without the need for thermal, UV or cosmic ray processing) and provide the basic molecular data to simulate their formation on astronomical timescales (e.g., Cuppen et al. 2009 ), even though the ice as a whole is not fully representative for a realistic astronomical ice. Figure 3 shows the schematic representation of the reaction network that is discussed here. The formation of formaldehyde and methanol ice through the CO + H channel is shown on the left-side of the figure, while the water formation channels (O/O 2 /O 3 + H) are plotted on the right-side. The possible CO 2 formation routes in a CO:O 2 mixed ice are shown in between the aforementioned channels.
Surface formation of methanol
The surface formation of formaldehyde (H 2 CO) and methanol (CH 3 OH) by hydrogenation of CO ice has been topic of several studies (e.g., Hiraoka et al. 2002; Watanabe & Kouchi 2002; Fuchs et al. 2009 ). Methanol has been observed in interstellar ices and has been experimentally shown as a good starting point for the formation of more complex species (Öberg et al. 2009c) . The hypothesis that interstellar methanol forms in the solid phase has been recently supported by experimental and modelling work, showing that the gas-phase route via ion neutral reactions is less efficient than previously assumed (Geppert et al. 2005; Garrod et al. 2006 ). However, the first studies on solid CO hydrogenation by two different groups yielded conflicting results: in one study (Hiraoka et al. 2002) only the formation of H 2 CO was reported, whereas in the other study also CH 3 OH was observed (Watanabe & Kouchi 2002) . The prevailing discrepancy between these studies was experimentally shown by Fuchs et al. (2009) to be a consequence of different experimental conditions, most noticeable the adopted H-atom fluxes and they were also able to determine reaction rates from RAIR data for different ice temperatures and ice thicknesses, as well as H-atom fluxes.
The formation of H 2 CO and CH 3 OH in the ice was also confirmed mass spectrometrically. The experiments showed that the hydrogenation process is thickness independent for layers thicker than 4 monolayers, which represents the maximum penetration depth of the H atoms into the CO ice. For temperatures higher than 15 K, a clear drop in the production rate of methanol is observed. This is probably due to the reduced residencetime of H atoms in the ice at those temperatures, which decreases the probability that hydrogenation reactions occur. Since the rate of formation of molecules depends on a sequence of events: deposition of H atoms, diffusion and then reaction, reaction barriers can only be determined using a detailed model to fit the experimental data. These results ). Tielens & Hagen (1982) proposed that interstellar water forms on grain surfaces through three reaction channels: hydrogenation of atomic and molecular oxygen and ozone. Using a Monte Carlo approach, Cuppen & Herbst (2007) and Cazaux et al. (2010) showed that the contribution of the different formation channels strongly depends on the local environment in interstellar clouds. They concluded that the atomic oxygen channel is the main route in translucent and diffuse clouds, while the molecular oxygen channel, together with the ozone route, is more efficient in dense cold molecular clouds. Water ice formation through surface reactions following O + H, O 2 + H and O 3 + H has been studied extensively and by different groups (Miyauchi et al. 2008; Ioppolo et al. 2008; Matar et al. 2008; Oba et al. 2009; Mokrane et al. 2009; Ioppolo et al. 2010a; Cuppen et al. 2010) . Dulieu et al. (2010) used TPD in the submonolayer regime as their main analysis technique; the hydrogenation of solid O 2 is the most extensively studied channel. Ioppolo et al. (2008 Ioppolo et al. ( , 2010a ) investigated this reaction channel for a large range of astronomically relevant temperatures (12 -28 K) (see Fig. 4 ). The main and surprising finding is that the initial formation rate of H 2 O 2 and H 2 O is much less temperature dependent than the analogous reactions for CO hydrogenation. Furthermore, O 2 hydrogenation results in a much larger yield than the few monolayers found for CO hydrogenation. This yield is strongly temperature dependent. Both effects are shown to be a direct consequence of the ability of H atoms to diffuse easily through an O 2 ice (Ioppolo et al. 2010a) . The experiments show that the penetration depth of H atoms into the ice depends strongly on the ice composition. In Ioppolo et al. (2010a) O 2 hydrogenation is investigated extensively from a physical approach, i.e., studying different ice thicknesses, ice temperatures, ice structures and H 2 concentrations in the atomic beam, whereas in a follow-up paper ) the focus was on the reaction scheme with the intent to assess reaction routes and branching ratios. The latter work shows that the initially proposed reaction network by Tielens & Hagen (1982) of only three mainly isolated channels is too simple and that several of the channels are actually linked through additional reactions. The third water formation channel (the hydrogenation of solid O 3 ) was tested by Mokrane et al. (2009) and more recently by Romanzin et al. (2011) . Since this channel is connected to the O 2 channel after the first reaction step, special care was taken to deposit a pure O 3 ice by keeping the substrate temperature between the O 2 and O 3 desorption temperature during deposition. If such a temperature is also kept during H-atom addition, the O 2 molecules formed upon O 3 hydrogenation will desorb from the surface of the ice. In this way the reaction of OH to form water via H or H 2 addition can be probed. The hydrogenation of O 3 is found to behave more similar to CO hydrogenation in the sense that only the top few monolayers of O 3 are hydrogenated. Moreover, the reaction OH + H 2 may be more efficient than the reaction OH + H: reaction OH + H 2 likely proceeds through tunneling, while reaction OH + H needs to dissipate 5.3 eV of excess energy with just one final product, which could be difficult. These experimental results complete the reaction scheme on water formation initially proposed. The general conclusion that the three channels (O/O 2 /O 3 + H) are strongly linked, is of importance for astrochemical models focusing on water formation under interstellar conditions (Wakelam et al. 2010 ). The recent identification of H 2 O 2 in the interstellar medium (Bergman et al. 2011 ) is important within this context. Figure 4 . RAIR difference spectra of O2 + H taken from (Ioppolo et al. 2010a ). The top panel shows the O2 ice spectrum at T = 15 K. The bottom panels shows the RAIR difference spectra with respect to the initial deposited ice after H-atom exposure at T = 25 K for increasing fluences (a-e). The formation of H2 O2 and H2 O is clearly observed.
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H. Linnartz et al. can then be used in an astrochemical model to investigate the formation of formaldehyde and methanol under interstellar conditions
Surface formation of water
Surface formation of CO
by hydrogenation of a CO:O 2 ice mixture. Such a binary ice is not fully representative for an interstellar ice, but the hydrogenation of O 2 ice produces OH radicals, which allows the investigation of the interstellar relevant CO + OH solid state reaction. As discussed above similar astrophysical ice studies have focused on the investigation of isolated surface reaction schemes, starting from the hydrogenation of pure ices, like solid CO and O 2 . For such ices no CO 2 formation was observed upon H-atom exposure. The hydrogenation of binary ice mixtures allows to investigate the influence of the presence of other species in the ice on the pure ice reaction schemes. Mixtures of CO:O 2 are deposited on a substrate under UHV conditions at low temperatures (15 and 20 K) and are subsequently hydrogenated. The RAIRS shows that solid CO 2 is formed in all studied CO:O 2 mixtures. Within the experimental uncertainties no dependency on ice temperature or composition was observed. The competition between CO and O 2 hydrogenation in the mixed ice reveals that the penetration depth of H atoms into the ice depends strongly on the ice composition, and that the CO and O 2 channels influence each others final product yields. The formation rate for all the final products is found to be less sensitive on the mixture composition than the final yield. Therefore, the formation rates found for H 2 CO, CH 3 OH, H 2 O 2 and H 2 O in the isolated studies of the CO + H and O 2 + H channels are valid for use in astrochemical models. In addition, surface CO 2 formation without energetic input is found to be an important formation mechanism, which may explain the formation of CO 2 together with H 2 O ice during the dense cold core phase prior to star formation. More details are available from Ioppolo et al. (2010b) .
VUV irradiation ices: photo desorption and photo processing
The interstellar radiation field (ISRF) results in a background UV field of about 10 8 photons cm −2 s −1 . The UV field is however enhanced by orders of magnitude close to young stellar objects and even in environments protected from external UV (e.g., in cloud cores and disk mid-planes) due to cosmic ray interactions with hydrogen. Photoprocessing of ices may induce non-thermal desorption of surface molecules. It triggers the formation of complex species and thus offers a complimentary pathway towards molecular complexity in space. In fact, the photochemistry of icy grain mantles was suggested as a path towards chemical complexity more than three decades ago. Famous are the UV irradiation experiments on interstellar ice mixtures comprising of many different constituents and resulting in the formation of large organic compounds, among which are amino acids (Bernstein et al. 2002; Muñoz Caro et al. 2002; Ehrenfreund et al. 2001 ; Charnley et al. 1992) . The latter work has set the scene, but more controlled experiments are needed to study molecule formation in situ and in real time.
In the laboratory interstellar UV radiation is typically simulated using the output of broadband hydrogen-microwave discharge lamps. These peak around 121.6 nm (Ly-α) and cover 115 -170 nm (7.5 -10.5 eV) with a variable photon flux from roughly 1 to 10 × 10 13 photons cm −2 s −1 at the ice surface. Since this flux is much higher than that in space, special care has to be taken to extrapolate laboratory results to processes that occur in the ISM. In Leiden the ices are prepared in another UHV setup CRYOgenic Photoproduct Analysis Device (CRYOPAD) (Fuchs et al. 2006) in an identical way as described in the previous paragraph for the H-atom addition reactions in SURFRESIDE. The ice is subsequently UV processed. Here we will discuss results using RAIRS to identify the formation and destruction of ice constituents and TPD as an additional tool to monitor desorption processes and ice evolution.
One of the major conclusions of a series of recent UV irradiation studies of CO, N 2 , CO 2 , H 2 O and CH 3 OH ice (Öberg et al. 2007 , 2009a Westley et al. 1995) is that photodesorption, i.e., the process in which a photon induces a non-thermal evaporation of one or several molecules is more efficient than has been assumed in the past. This is an important result which may also explain why for example gaseous CO can still be found in regions in space where it should have been fully frozen onto dust grains (Bergin et al. 2001) .
CO ice photodesorbs non-dissociatively; the process is illustrated in Fig. 5 . Here the decreasing CO RAIRS signal is shown as a function of irradiation time. With the known UV flux at the surface, the loss of signal with time can be converted into a photodesorption yield, as the signal can be translated into a number density. It is possible to derive a photodesorption yield which is in the order of 10 −3 desorbed molecules per incident UV photon for CO. Very recently it was shown by Fayolle et al. (2011b) that this process is wavelength dependent. Experiments using the DESIRS beam line at SOLEIL showed that the CO photodesorption rate follows the CO electronic absorption pattern. In contrast to CO, CO 2 , H 2 O and CH 3 OH dissociate upon UV irradiation and the fragments can recombine or photodesorb. If the fragments are in the surface layers, they either desorb directly from the excess energy provided by the photon or react with other radicals, which may still result in indirect photodesorption due to the release of energy. If the dissociated fragments remain in the ice mantle, the radicals can either become frozen in the ice matrix, diffuse through the ice to react with other radicals or recombine reforming the parent molecule. To constrain the photodesorption of the ice and thus determine the loss of precursor molecules into the gas phase rather than into photoproducts in the Figure 6 . The proposed reaction scheme to form the observed products following UV-irradiation of pure CH3 OH ice (solid boxes), of CO or CH4 :CH3 OH ice mixtures (dashed boxes) and products whose production could only be constrained with upper limits (dotted boxes).
ice, a special method has to be used. Photodesorption from a multilayer ice is a zeroth order process with respect to photon fluence, since it only depends on the amount of molecules in the surface layers. The photodesorption yield will not change with fluence as long as the original ice is sufficiently thick. Ice photolysis, however, is a first order process, since it depends on the total amount of ice. Through simultaneous modeling of the ice loss with an exponential decay and a linear function, the two processes can be separated, resulting in an effective photodesorption yield (Öberg et al. 2009a ). For CO 2 and H 2 O again values of the order of 10 −3 photon −1 have been found, for CH 3 OH the photodesorption yield is about twice as large (Öberg et al. 2009c ). The photodesorption of N 2 ice has a yield that is at least an order of magnitude lower; N 2 only co-desorbs with other molecules since it has no dipole-allowed transition within the energy range of the lamp. This observation is consistent with the recent wavelength dependent results found for CO (Fayolle et al. 2011b) . It should be noted that not only the UV field, but also the ice thickness, ice temperature, and temperature dependent mean-free-path of the excited molecule play a role. Empirically derived photodesorption yields as function of these parameters are available from Wakelam et al. (2010) .
In pure CH 3 OH ices UV-induced photodissociation produces several different fragments -CH 3 , CH 3 O, CH 2 OH, OH -which can react to form complex organic molecules such as ethanol from CH 3 and CH 2 OH. This is illustrated in Fig. 6 . Such reactions followed by ice desorption have been proposed to explain observations of gas-phase complex organic molecules in the warm inner regions of protostellar envelopes, so-called hot cores. In a series of dedicated RAIRS experiments, monitoring the UV photoproducts as a function of fluence, Öberg et al. 2009c produced all of the complex molecules commonly observed in hot cores (Bottinelli et al. 2007) . Complementary TPD experiments have been used to further support identifications, since each product has a unique combination of mass signal and desorption temperature. The formation yields typically depend on ice temperature and ice composition as well as the UV flux and fluence. More details are available fromÖberg et al. (2009d) .
The role of the H 2 O concentration on the photochemistry of more volatile species was studied as well (Öberg et al. 2010) . It was found, among others, that increasing the water concentration also increases the destruction efficiency of the volatile mixture constituent with a substantially higher trapping efficiency of the formed radicals in the ice. The formation of more complex species in this way is interesting since solid methanol has been observed towards a range of young stellar objects, including solar-type protostars.
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A UV driven methanol-ice chemistry may thus be a common pathway to chemical complexity in space. Complex molecule formation starting from methanol formation through CO hydrogenation and subsequent UV irradiation of methanol containing ices seems to provide a consistent reaction pathway for molecular complexity in space up to species with about 10 atoms. The presence of H 2 O may be essential as a catalyst.
At this stage, it should be noted that H-atom bombardment and UV irradiation are not the only possibilities to trigger chemical reactions in an ice for astronomical conditions. Many efforts have been made, for example, to characterize the impact of ions on ice Palumbo 2006; Mennella et al. 2004; Baratta et al. 2002; Strazzulla et al. 2001) . Thermal processing as well as the influence of electron and cosmic-ray impact on interstellar ice analogues have been studied (see e.g., Bennett et al. 2010) . In recent years much progress has also been made in simulating the dynamical processes that take place in the ice (see e.g., Andersson & van Dishoeck 2008; Arasa et al. 2010) . This provides additional and valuable information to interpret laboratory observations in terms of interacting surface species.
Complex molecules in ice
From a laboratory perspective it is clear that complex molecules can be formed under astronomical conditions. The physical and chemical parameters, derived from work as described in the previous paragraphs, implemented into astrochemical models, indicate that solid state processes are relevant for the formation of larger species in space. A remaining question is which level of complexity can be reached in the ice. An alternative approach to answer this question is to skip the formation process in a top-down approach and to implement large complex molecules, such as polycyclic aromatic hydrocarbons (PAHs) directly into the ice. PAHs are found to be common throughout the interstellar medium, as evidenced by their (mid-IR) emission features that originate from vibrational relaxation after UV excitation. Towards dense clouds, however, these mid-IR features are strongly quenched. In these regions, as discussed before, most volatile molecules are frozen out on grains, forming layers of ice, and less volatile molecules such as PAHs are expected to condense on interstellar grains as well.
Previous spectroscopic ice studies focused on infrared experiments and have resulted in a large amount of spectroscopic data, also providing dynamical information (see e.g., Gudipati et al. 2003 Gudipati et al. , 2006 . In the specific case of PAHs, however, these have the disadvantage of spectral overlap; for different PAH members essentially the same vibrational modes are excited. This problem is partially overcome in the optical regime, since electronic energies will be different for different PAH species. Optical studies of photo-induced processes at play during the irradiation of PAH containing interstellar H 2 O ice analogues are available only for a few species and it was shown that these PAHs are readily ionized and stabilized within the ice, suggesting that trapped ions may play important, but overlooked roles in cosmic ice processes. Beyond this, there is little information on UV induced photochemistry and photophysics of PAH containing H 2 O-rich ices.
A new measuring principle allows the spectroscopic and photo-dynamic study of PAH containing ice analogues upon UV irradiation, in situ and in real time (Bouwman et al. 2009) . A high vacuum chamber is used in which ice is grown as described before, as well as a microwave hydrogen discharge source generating UV light for the photoprocessing, and a special Xe-arc light source emitting broad-band light that is transmitted through the ice onto a fast and fully computer controlled monochromator equipped with a sensitive CCD camera. This configuration results in a spectral coverage of 270 to 1200 nm and a time resolution down to 5 ms per spectrum. The solid precursor PAH species is brought into the gas phase through resistive heating and mixed with H 2 O vapor. A HeNe laser is used to determine the ice thickness of the mixture and in conjunction with optical spectroscopy on the PAH species this allows for an accurate concentration measurement. The innovative aspect of this setup is that it combines sensitive broadband spectroscopy with a resolution that is more than sufficient to monitor solid state features, i.e., it is possible to cover large spectral ranges without loss of spectral details, and a fast time response which allows monitoring ice chemistry in real time.
So far the UV induced photochemistry of the PAHs anthracene (C 10 H 12 or Ant), pyrene (C 16 H 10 or Py), benzo[ghi]perylene (C 22 H 12 or BghiP), and coronene (C 24 H 12 or Cor) in a ∼ 1:10,000 diluted H 2 O ice has been studied (Bouwman et al. 2009 (Bouwman et al. , 2010a (Bouwman et al. ,b, 2011a . The main conclusions of this work is that PAHs are likely to play a chemical role in the full solid state astrochemical solid state network.
Outlook
The richest inventory of complex organic molecules (COMs) has been found in a Galactic-center hot-core Sgr B2(N-LMH), including acetone, ethylene glycol, and glycolaldehyde. The temperature in these regions is >100 K and molecules are in the gas phase. One of the major questions today is whether these COMs are first generation evaporated species produced by pure grain surface chemistry or second generation molecules formed by high temperature gas phase chemistry (after ice desorption). While several models suggest that the latter does not adequately explain the observed abundances (Wakelam et al. 2006) , little quantitative information is available on the actual physical and chemical processes. More than 30 years ago experiments were performed in which ices containing typical astrophysical precursors were photo-processed with hard UV radiation (Agarwal et al. 1985; Hagen et al. 1979) . The resulting organic refractory synthesized under high-vacuum conditions was extracted at room temperature and analysed by gas chromatography showing a rich variety of highly complex molecules. Whether these compounds were formed during UV irradiation of the ice sample or during the relatively intrusive analysis procedure could not be discriminated. New laboratory techniques with an emphasis on more delicate and sensitive sampling methods are therefore needed to tackle the subtle and complex chemistry taking place in the interstellar ice analogues. Limitations in IR spectroscopy, evidently suitable for simpler ices, become apparent when studying more complex ice mixtures. Overlapping IR absorption features and low detection sensitivity due to decreased state densities make the analysis difficult (one reason for studying PAHs with optical spectroscopy as described in the previous paragraph). The TPD mass spectroscopic analysis discussed before, requires the ice sample to be thermally evaporated, which may affect the chemical composition of the ice, and indefinitely implies the destruction of the ice sample. The inevitable prerequisite for mass spectroscopic analysis is the evaporation of the ice sample. An alternative for thermal desorption used in TPD is soft laser ablation -a technique typically used for non-volatile samples. In laser ablation, a short ns-UV laser pulse is focused onto the sample surface, where the photon energy is transferred to the sample leading to local desorption. MATRI2CES (Mass Analytical Tool for Reactions in Interstellar ICES) is a newly constructed setup in Leiden in which this technique has been implemented for the study of interstellar ice analogues. MATRI2CES combines laser ablation with time-of-flight mass spectroscopy, and is comparable to a standard MALDI-TOF setup. The freedom from having to heat-up and evaporate the ice as a whole means that the reactions in the ice analogues can be monitored in situ and online under astronomical conditions. Moreover, pulsed repetitive operation enables time-resolved monitoring of the chemical composition as well as depth-profiling of the ice. The construction of MATRI2CES was recently completed.
H. Linnartz et al.
To conclude: understanding the chemistry of complex organic molecules under interstellar conditions is particularly interesting due to their potential connection to pre-biotic chemistry. Is it possible to start with a realistic interstellar ice analogue and end up with an amino-acid? And if so, does this depend, for example, on temperature or the presence of specific constituents? How is this chemistry driven: atom bombardment, UV irradiation, a combination of both, or should other processes be considered? These are important questions that still have to be addressed, but in view of the progress obtained in the last years this is now work that can be dealt with in a systematic way in the nearby future.
